Emotionality as well as cognitive abilities contribute to the acquisition and retrieval of memories as well as to the consolidation of long-term potentiation (LTP), a cellular model of memory formation. However, little is known about the timescale and relative contribution of these processes. Therefore, we tested the effects of weak water maze training, containing both emotional and cognitive demands, on LTP in the hippocampal dentate gyrus. The population spike amplitude (PSA)-LTP was prolonged in all rats irrespective of whether they memorized the platform position or not, whereas the field excitatory postsynaptic potential (fEPSP)-LTP was impaired in good learners and enhanced in poor learners. We then dissociated the behavioral performance of rats during the water maze task by principal component analysis and by means of stress hormone concentrations into underlying "emotional" and "cognitive" factors. PSA-LTP was associated with "emotional" and fEPSP-LTP with "cognitive" behavior. PSA-LTP was depotentiated after the blockade of corticosterone binding mineralocorticoid receptors (MRs) in trained animals, while fEPSP-LTP was unaffected. These results suggest that synaptic processing and encoding of emotional information in the hippocampal dentate gyrus is realized fast and further information transfer is detectable by the reinforcement of PSA-LTP, whereas that of cognitive memories is long lasting.
Memory is formed and stored quickly when supported by concurrent emotional experience, whereas the formation of cognitive memories requires repeated training and occurs at a longer timescale (Fanselow 2000; Shors 2001; Sapolsky 2003; Frank et al. 2004 ). Long-term potentiation (LTP), a cellular model of memory formation, can be dissociated into a short-lived, protein synthesis-independent form (early LTP) and a prolonged, protein synthesis-dependent form (late LTP). The electrically induced early form can be reinforced (consolidated) into the late form by emotional or cognitive stimuli temporally related to the time point of LTP induction (Seidenbecher et al. 1997; Frey 2003, 2004) .
As emotional and cognitive memories are stored at different timescales, the effective time windows for LTP consolidation induced by emotional and cognitive stimuli may also vary. In the literature LTP and its modulation by memory processes is mostly measured as the field excitatory postsynaptic potential (fEPSP), i.e., the efficacy of synaptic communication between neurons. However, if emotional memories are quickly established, fEPSP-LTP may be affected only during a very short time period after the emotional stimulus. This is supported by recent in vitro findings (Fonseca et al. 2006) which show that the induction and maintenance (30 min to 1 h) of an early fEPSP-LTP can also, in dependence on neuronal activity, be protein synthesis dependent. Thus, during emotional demands with high neuronal activity the memory network may be established rapidly by such mechanisms. An already established memory network may, over time, be better detectable in the population spike amplitude (PSA), representing the summation of action potentials of a small population of neurons, i.e., the transference of information within this network. We therefore measured both, the fEPSP-LTP and the PSA-LTP, after a weak water maze training protocol (Setlow and McGaugh 1998; Cahill et al. 2000) combining emotional as well as cognitive memory traces (White and McDonald 2002) .
Stress or emotional loading of situations are reflected in the release of steroid hormones, especially corticosterone in rats, which also affect neuronal functioning and memory consolidation (Beylin and Shors 2003; Korz and Frey 2003; Roozendaal et al. 2003; Woodson et al. 2003) . Brief acute corticosterone pulses by endogenous release or exogenous application can enhance memory consolidation rapidly through nongenomic mechanisms and on a longer timescale by genomic mechanisms (DeQuervain et al. 2009; Roozendaal et al. 2010) . First, we investigated whether the cognitive component of the task (the memory for the platform position) modulates PSA-LTP and fEPSP-LTP differently. Then we looked in detail at the individual behavioral performance of the rats and identified behavioral components that are specifically related to the task-induced release of corticosterone, and tested whether these specific behavioral components could be related to either the PSA-LTP or fEPSP-LTP development after training. Finally, we blocked the corticosterone binding mineralocorticoid receptors (MRs) in order to reveal whether the identified behavioral components and the PSA-LTP were affected specifically. MR blockade was chosen because in a former study (Korz and Frey 2003) we were able to show that a single exposure to swim stress can reinforce PSA-LTP in dependence of intact MRs but not glucocorticoid receptors.
Results
In order to evaluate the effect of cognitive demands of the training procedure on the PSA-LTP and the fEPSP-LTP, we divided the spatially trained vehicle-treated group (as indicated in Fig. 1 ) into poor (latency .60 sec during the last trial) and good learners (latency ,60 sec during the last trial). The means of escape latencies and 95% confidence interval over training for poor learners ( Fig. 2A ) and good learners (Fig. 2B ) are given in Figure 2 . The subsequent statistical test confirmed significantly lower latencies in good learners as compared with poor learners in the last trial (U ¼ 1, P , 0.01). As a control group for the LTP experiments we introduced an untrained group that remained in the recording boxes during the entire experiment (Fig. 2) . These three groups, untrained (n ¼ 6), good (n ¼ 7), and poor (n ¼ 8) learners, did not differ significantly in the induction (F (2,18) ¼ 1.89, P . 0.1) or in the early phase (h1-h3; F (2,18) ¼ 0.88, P . 01) of the PSA-LTP (Fig. 2C) . The late phase (h8/h24; F (2,18) ¼ 4.67, P ¼ 0.023) was significantly different between groups with elevated PSA for both good (P ¼ 0.028) and poor learners (P , 0.01) as compared with untrained animals. Poor and good learners showed no significant difference in PSA (P . 0.1). Thus, a reinforcement of PSA-LTP could be observed in all trained rats irrespective of their cognitive performance.
In contrast to the PSA-LTP, the induction of fEPSP-LTP (Fig. 2D ) differed between groups (F (2,19) ¼ 5.30, P ¼ 0.015). Good (n ¼ 8) learners had a lower potentiation as compared with poor (n ¼ 7) learners (P , 0.01) and tended to have a reduced potentiation compared with untrained (P ¼ 0.07, n ¼ 7) animals. Poor learners did not differ from controls (P . 0.1). The early phase (h1-h3; F (2,19) ¼ 3.90, P ¼ 0.038) also differed between groups, again with lowered potentiation in good learners as compared with poor learners (P ¼ 0.013) but neither showed a difference between good learners and untrained (P . 0.1) animals and only a tendency toward a difference between poor learners and controls (P ¼ 0.083). Similarly, the late phase (h8/h24; F (2,18) ¼ 4.84, P ¼ 0.021) was different, but at these time points, fEPSPs were not only higher in poor learners compared with good learners (P ¼ 0.01), but poor learners showed also a higher potentiation than controls (P ¼ 0.033). Thus, the fEPSP of good learners was hardly potentiated while poor learners expressed higher potentiation than controls 24 h after recall of the spatial memory.
The observed differences in the fEPSP-LTP cannot be related to differences in granular cell excitability, which might have been induced by the former training conditions. Excitability is commonly judged by the strength of synaptic input necessary to cause spiking. Therefore we plotted the fEPSPs against the PSA elicited by different stimulation intensities during the input/output curve, which was recorded after the first training session. As can be seen in Figure 2E we found no differences in the slopes of regression lines between poor and good learners (P . 0.1).
The comparison of absolute blood serum corticosterone titers (Fig. 3A ) evidenced significant differences between groups (F (2,21) ¼ 7.30, P , 0.01). Post-hoc pairwise comparisons revealed a significant difference in corticosterone titers between trained animals (n ¼ 12; P , 0.01) and trained controls (n ¼ 4), and between trained and untrained (n ¼ 8, P ¼ 0.027) animals. Thus, a stress/emotional response to the water maze protocol could be determined. This response is independent of the learning performance. We found neither a difference in corticosterone titers between good and poor learners, nor a correlation between corticosterone concentrations and latencies to enter the platform (data not shown).
The time or numbers the animals spent on the behavioral parameters decreased significantly over the course of training (latency: F (4) ¼ 6.51, P , 0.01; distance traveled: F (4) ¼ 8.14, P , 0.01; velocity: F (4) ¼ 7.54, P , 0.01; thigmotaxis: F (4) ¼ 20.05 P , 0.01) with the exception of the thigmotactic frequency (thig_freq), the frequencies to cross the border between the wall zone and the center (thig_freq: F (4) ¼ 1.16, P . 0.1; Fig. 3B ). We regard latencies to enter the platform as a measure of the retrieval of the spatial memory and therefore as reflecting the cognitive component of the task.
In order to reduce the behavioral and the hormonal variables to fewer components and to identify behavioral variables of trained animals coloading with corticosterone on one component, we performed a principal component analysis (PCA), eigenvalue threshold at 1 (Table 1 ). Behavioral elements that show similar loadings as corticosterone can then be considered as related to higher stress/emotionality. The first component accounted for 40% of the entire variance with high loadings of variables that contain the behavioral change between acquisition and retrieval (savings abbreviated by S_), especially with the savings of thig_freq and the velocity during trial 5. These behavioral variables show a coloading with corticosterone, representing the emotional component. Thus, major changes in behavior between acquisition and retention, especially zone border crossings, are correlated with corticosterone. The second component (explained A B Figure 1 . Overview of the experiments. (A) For electrophysiological experiments, the untrained control group consisted of seven animals with one animal for which only the fEPSP was being measured. For the trained animals, the vehicle-treated group was increased to 15 animals for each of the PSA and the fEPSP (with one animal with just the PSA and two animals with just the fEPSP being measured). The group treated with the mineralocorticoid receptor antagonist spironolactone (MR-ant) consisted of seven animals with one animal with just the PSA. (B) In the hormone experiment, trained rats (TR) consisted of 12 animals, trained controls (TC) of four animals, and untrained handled controls (UC) of eight animals.
variance of 26.5%) represents the actual behavioral performance 15 min before blood sampling, and therefore represents most likely the cognitive component with high loadings of latency to enter the platform, the distance traveled, and the frequency of border crossings. The savings of velocity loaded oppositely on this factor, indicating a negative correlation with the abovementioned variables. The third component is characterized by thigmotactic behavior.
Subsequently, we conducted the analyses with the entire sample of controls (thus including good and poor learners), with their behavior and additionally the hourly values of PSA (n ¼ 11, four animals had no complete set of all behavioral parameters due to technical problems) and fEPSP (n ¼ 15), respectively ( Table 2) . We found high positive loadings of the behavioral variables that had been identified as indicating emotionality together with the PSA during the first hour after the last trial (component 2). PSA-LTP from the 3-h time point onward loaded significantly on factor 1 with no coloadings of behavioral parameters. The third component is characterized by behavioral variables that have been regarded as cognitive behaviors. This component is completely uncorrelated with PSA-LTP. Thus, the very early PSA-LTP is affected by emotional performance while the late LTP is independent of the former behavior. In addition, the variance that is explained by the first two components is at a similar level (29.9% and 23.6%), indicating a similar weighing for the explanation of the overall variance.
The PCA with the fEPSP-LTP contrasts the findings of the PCA with PSA-LTP. The first component, explaining nearly half of the total variance (46.4%), was loaded with both, parameters indicating cognitive performance and fEPSP values at all time points, except that for the first hour. The second component with high loadings of the emotional behavior S_thig_freq explains just 17.1% of the total variance with no relevant loadings of fEPSP, while the third component represents thigmotactic, as well as emotional behavior (S_latency) with a coloading of the fEPSP at time point 1 h post-tetanus. Thus, at the first hour time point emotional and thigmotactic behavior correlated with PSA and fEPSP-LTP. Thereafter, no correlation of either LTP with emotional or thigmotactic behavior could be observed, while cognitive behavior was correlated with fEPSP-LTP only. Because learning and memory is supported by both emotional and cognitive factors the third component of the fEPSP analysis may represent an interface between these two factors.
The blockade of MRs (n ¼ 7) resulted in a depotentiation of the PSA-LTP ( Fig. 4A ) and lasting reduced LTP as compared with controls (F (1, 20) ¼ 17.05, P , 0.01, n ¼ 15), while the fEPSP ( Fig. 4B ; MR-ant: n ¼ 6; controls: n ¼ 15) remained unaffected (F (1,19) ¼ 0.004, P . 0.1). The behavioral components that had been detected as emotionality related were significantly affected in animals treated with the MRantagonist as compared with controls (S_latency:
, whereas other behavioral components were not different to controls (Fig. 4C,D) .
Discussion
The study aimed at evaluating the relation and the time courses of emotional and cognitive information processing on PSA-and fEPSP-LTP in the hippocampal dentate gyrus of rats after a weak water maze training paradigm.
The weak learning paradigm resulted in varying recall performances of the rats. We grouped animals into good learners (latency ,60 sec in recall session) and poor learners and regard this poor recall performance as indication that the animal was still in the encoding phase for the platform position. PSA-LTP was prolonged independently of the formation of a memory for the platform location, whereas fEPSP-LTP was reinforced only in poor learners, i.e., in animals that had not established a stable reference memory for the platform location yet. We identified two sets of (fifth trial latency ,60 sec) and poor (fifth trial latency .60 sec) learners revealed significantly prolonged PSA-LTP in both poor (n ¼ 8) and good learners (n ¼ 7) as compared with untrained (n ¼ 6) animals (C ); whereas fEPSP-LTP (poor: n ¼ 7, good: n ¼ 8, untrained: n ¼ 7) was only prolonged in poor learners (D). Input -output characteristics (measured 3.5 h after trial 4) were not different between good and poor learners (E). Insets show analog traces for a PSA and fEPSP, respectively. behavioral parameters reflecting one type each of information processing during the training protocol: The cognitive component was reflected by the latencies to enter the platform and the traveled distances during training while the emotional component was indicated by savings in latencies, traveled distances, and crossings of wall zone border that correlated with increased concentrations of corticosterone. Learning is characterized by multiple parallel memory systems that interact with each other to form a coherent representation of the learning situation (White and McDonald 2002) . Some of them, such as the hippocampus and the amygdala, are related to emotional memory processing which can modulate hippocampal plasticity (Kim et al. 2001; Vouimba et al. 2006 ) and hippocampus-dependent memory via glucocorticoid and noradrenergic mechanisms (Roozendaal et al. 2003 (Roozendaal et al. , 2008 . All structures contribute to behavioral output. Thus, the positive correlation of behaviors with corticosterone is a good reason to assume that these behaviors are related to high emotionality. Although there is, mostly clinical, evidence that application of glucocorticoids can reduce anxiety in patients with phobias (Soravia et al. 2006) , recent studies revealed that this is not the case in healthy subjects (Soravia et al. 2009 ). Our behavioral analysis is a pure mathematical operationalization of the emotional "content" of the behavioral variables, without asking why they may be related to emotional processing (reasons may involve the conflict in decision on strategy, i.e., whether to search at the periphery of the tank or more in the center, or other factors that lead to massive behavioral changes during recall as compared with the acquisition).
Differences in the activations of the autonomous nervous system is another measure for emotionality and may also contribute to the differences between poor and good learners. However, we found no effect on emotional PSA-LTP reinforcement after blockade of b-adrenergic receptors (Korz and Frey 2005) in naïve animals. Because of the above-mentioned interactions between emotionality and memory consolidation, we cannot make a clear dichotomic difference between emotional and cognitive memories. Thus, the behaviors that represent the cognitive or emotional component can be taken as being located on a single scale, however, far enough from each other to be considered as independent. PCA analysis argued for a coherency of PSA-LTP with emotional behaviors and fEPSP-LTP with cognitive behavioral performance.
PCA analysis supported our hypothesis of different timescales for the encoding of emotional and cognitive information: Behaviors that were identified as indicators of emotional demands were correlated with the PSA-and fEPSP-LTP 1 h post-tetanus, whereas the late phases of both forms of LTP were completely uncorrelated with emotional behaviors. The prerecall fEPSP and the late phase of the fEPSP-LTP were correlated with behavioral indicators of cognitive processing. The encoding process of the cognitive reference memory is having reinforcing effects on fEPSP-LTP: The post-tetanus behavioral performance (latencies) was correlated with synaptic potentiation (fEPSP) up to 24 h later. We conclude that the establishment of networks involved in cognitive memory is realized over a long timescale. Once the memory is formed, as in good learners, further synaptic potentiation is impaired. The already reduced fEPSP in good learners evoked by the first test stimulus, i.e., before the animals experienced the last trial, suggests that fEPSP impairment is due to the storage of information and remained unchanged by the retrieval of information. There are at least two explanations for this observation: First, the synapse could be protected against overwriting of the impor- into the cortex, the synapse should be free for involvements into other encodings, which implies that early LTP of good learners should be indistinguishable from controls. The first explanation, protection against overwriting, is supported by the observation that prevalues of fEPSP, i.e., before making the actual experience of trial 5, are already correlated with cognitive performance and that the impairment of synaptic potentiation is not related to decreased excitability; thus, the impairment is related to that specific synaptic input (cf. Doyė re et al. 2006) . This is underpinned by the findings of Jeffery (1995) : Rat dentate gyrus fEPSP-LTP in good water maze learners is impaired only under low test stimulation intensities, affecting fewer synapses, as compared with poor learners (cf. Lange-Asschenfeldt et al. 2007a,b for post-training synaptic depression in the CA1 area). High stimulation intensities resulted in significant fEPSP-LTP. The involvement of just a small neuronal population in the processing of the specific information, as suggested by optogenetic studies (Miesenböck 2009 ), may explain our results: By stimulation of a smaller number of synapses through low intensity test pulses (Angenstein et al. 2010 ) as in our case, the higher proportion of silenced memory related synapses can reduce or even impair the observed field potential. After high-intensity stimulation, as in the Jeffery (1995) study, the silencing of these synapses is masked by potentiation of a higher number of memory-unrelated synapses, thus resulting in higher fEPSP. In contrast to our results, Jeffery (1995) found the same relations with the PSA-LTP. However, a very strong tetanization protocol on each of 5 d post-training was applied with significant differences only after repeated tetanization. Both mechanisms, protection against overwriting or extrahippocampal storage, may be functional only during specific time windows. Synaptic potentiation may recover after a longer time period post-training when the reference memory is stored within the cortex. Alternatively, the baseline synaptic transmission may increase during training, occluding further lasting potentiation. Measuring several input/output curves before, during, and after training could prove for baseline transmission changes.
The biological basis for the long-lasting consolidation process of fEPSP-LTP may be that cognitive demands like spatial navigation require the cooperation of a variety of brain structures involving different extrahippocampal neuronal networks, probably with certain time windows for each region. Emotional information usually is related to life-threatening situations and should result in immediate formations of networks, involving fewer brain areas (Korz and Frey 2005) . Interestingly, we found a correlation of the PSA-and the fEPSP-LTP with emotional behavior only for the first hour after trial 5, correspondingly this was the only time point at which we did not find a correlation with fEPSP and cognitive behavior. This may indicate that at this time point the consolidation of emotional and cognitive memories compete for synaptic potentiation (Diamond et al. 2005; Rabinowitch and Segev 2008) , and after consolidation of the emotional memory the synapse is furthermore involved in the cognitive memory formation. The already-formed emotional network is then only processed by spiking due to the electrical stimulation by the test pulses. Because long-term memories require the synthesis of proteins, this would mean that there is a protein synthesisdependent early LTP involved in rapid memory consolidation. Interestingly, such a form of LTP has been recently discovered in in vitro experiments (Fonseca et al. 2006) . These authors found a protein synthesis-dependent early LTP (30 min post-tetanus) only at higher levels of neuronal activity, a situation that is given during our experiments in vivo. Neuromodulatory, protein synthesis-inducing effects can be provided by activation of stressrelated steroid hormone receptors during these situations. We could show earlier that the water maze stress-induced increase Behavioral variables include savings between trial 4 and trial 5 indicated by "S_" and behavioral performance during trial 5. PSA at time point 1 h is coloading with emotional behavior on component 2, whereas from time point 3 h onward PSA is highly loading on component 1 with no correlation with behavior. Component 3 is coloaded with the cognitive behavior latency and distance, the emotional behavior velocity, and thigmotaxis with no relation to PSA. The analysis for fEPSP reveals high loadings of cognitive behavior with all fEPSP values except those for the first hour. The second component is characterized by the emotional behavior zone crossings and the nonemotional behavior border crossings. The third component shows coloadings of the emotional behavior S_latency and the nonemotional behavior S_thig_time together with the fEPSP at time point 1 h. Thig_freq: frequency of crossings between the wall zone and the center; Thig_time: time spent in the wall zone in percent of total time. Loadings higher than 0.7 of the variables are given in boldface. Numbers in brackets give the portion of total variance that is explained by the respective component.
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www.learnmem.org in corticosterone returns to baseline levels within 1 h (Ahmed et al. 2006 ), a time window that fits exactly in the present emotional consolidation window. At present, we cannot rule out that the time course of corticosterone release after stress may be different between good and poor learners. However, the time window of emotional reinforcement is about 1 h around tetanus. Stress exposition beyond this period has no reinforcing effect on PSA-LTP (Ahmed et al. 2006 ). All classic steroid receptors act as intracellular ligandregulated transcription factors (Ozawa 2005 ) regulating the expression of a variety of genes (McEwen et al. 1977; Diamond et al. 1990; Cato et al. 1992; Herman 1993) . Therefore we applied the corticosterone receptor antagonist spironolactone to test whether PSA-LTP can be affected specifically. In fact, PSA-LTP is depotentiated in treated animals. This observation supports the above-formulated hypothesis that emotional memory formation is established rapidly and reflected mainly in the PSA-LTP. The treatment does not affect the fEPSP-LTP, although it is not reinforced in either the experimental or control groups, what resulted from the heterogenous sample of good and poor learners. Interestingly, only the "emotional" behavioral elements were affected by the treatment, however, in an unexpected and surprising way. These behaviors were correlated with increased levels of corticosterone; thus, we expected a down-regulation or "normalization" after the pharmacological intervention. However, all these behaviors were up-regulated. We cannot exclude that at least the effects on the savings in latencies and distances to enter the platform are partially a result from the very good performance of the experimental group at trial 4 (before treatment with spironolactone). The probability that this good performance could not be reproduced during the recall trial 24 h later may be higher than in the control group with worse performance in trial 4. But this argument does not hold true for the savings in border crossings. The observed behavioral changes after MR blockade may rather be explained by synergistic effects through relative occupation and heterodimerization of steroid receptors (Liu et al. 1995; Chen et al. 1997) or epigenetic chromatin modifications (Roozendaal et al. 2010; Zhang and Meaney 2010) that orchestrate transcriptional activity. The identification of the receptors and their related transcripts is a critical next step on the way to finding those proteins, which specific inhibition during the early phase after behavioral stimulation in vivo can block the reinforcement of PSA-LTP by concurrently intact fEPSP-LTP.
Surprisingly, the time of thigmotaxis in the behavior LTP-PCA analyses loaded significantly on the "cognitive component." In many studies thigmotaxis is assessed as fear related behavior (Herrero et al. 2006) ; however, some researchers argue that thigmotaxis may be an alternative strategy to escape from the water (Whishaw 1989; Lipp and Wolfer 1998; Wolfer et al. 1998; Björklund et al. 2000) , suggesting, that thigmotaxis and spatial accuracy of navigation are separate strategies, between which the animal can switch during training. Our results support this view. The association between increased border crossings and elevated corticosterone may indicate a dis-or reorientation with regard to the employed strategy (Oitzl and de Kloet 1992) accompanied by higher emotional requests.
Overall, fEPSP-LTP seems to be modulated during initial memory formation rather by cognitive (place memory) demands, whereas PSA-LTP is prevailingly related to emotional information processing. The underlying mechanisms are complex (Joëls and Baram 2009 ) and require future long-term studies with a careful consideration of LTP and memory-specific vulnerable timewindows of consolidation.
Materials and Methods
Male Wistar (strain Schönwalde) rats (8 wk old) from the institute's breeding colony were used. They were kept under a 12 h/ 12 h light/dark regimen with lights on at 6:00 a.m. in groups of five animals in standard cages (40 × 25 × 18 cm), the ground covered with commercial bedding material (Ssniff, wood spans). Animals were fed with food pellets (Ssniff); tap water was given ad libitum.
All rats were housed singly 1 week before starting the experiments (that corresponds to the recovery period of the rats that underwent surgery). An overview of the different experiments is given in Figure 1 .
Spatial training
The water maze consisted of a circular water tank (1.85 m diameter; 58 cm height), which was filled with latex-stained (Sakret) opaque water up to a level of 38 cm with the temperature set to 258C + 28C. The room was equipped with four 30 × 60 cm posters with black and white stripes, circles, bars, and triangles, one on each wall. Additional cues were provided by doors and equipment. At day 0 at 2:00 p.m., the animals were habituated to the water maze procedure during two trials with changing platform l a t e n c y d i s t a n c e t h i g _ t i m e S _ l a t e n c y S _ d i s t a n c e S _ t h i g _ t i m . Blockade of mineralocorticoid receptors post-tetanus and before the first test pulse and the last water maze trial resulted in a depotentiation of PSA-LTP (A, MR-ant: n ¼ 7, control: n ¼ 15) and no effect on the fEPSP-LTP (B, MR-ant: n ¼ 6, control: n ¼ 15). Only the behavioral components that had been identified as emotionality related (S_latency, S_distance, C; and S_thigfreq, D) were affected by the treatment (control: n ¼ 19; includes four animals that have lost the electrophysiological signal, MR-ant: n ¼ 7). Given are the means and SEM. Asterisks indicate statistically significant differences between treated rats and controls.
positions, but always in other locations as during the spatial training. After protecting the electrode connections from water contact by Vaseline (in prepared animals), rats were set into the maze facing the wall and were allowed to swim for 2 min; then they were guided to and allowed to enter the platform for 30 sec. Thereafter, they were briefly towel dried and transferred back into the recording boxes. The training protocol started the day after habituation and was slightly modified from that of Setlow and McGaugh (1998) and Cahill et al. (2000) . At 9:00 a.m. spatial training took place, consisting of four trials with a fixed platform position, and the next day at 9:00 a.m. a retention trial was performed. The remaining procedure was the same as during habituation. This protocol can be considered a weak training paradigm, as the memory for the platform location is not yet robustly formed in all animals. The swim paths were tracked and analyzed by the Noldus EthoVision-system (version 3.2; Noldus), which was located in an adjacent room. The latencies to enter the platform, the path lengths, the percentage of total time spent in the wall zone (defined as a zone of 13.5 cm from the maze wall), and the frequency to enter the wall zone (thig_freq) as well as the swim velocities were calculated.
Surgery and electrophysiological recording
Rats undergoing the preparation were weighed and anaesthetized with Nembutal (40 mg/kg, injected intraperitoneally). A double recording electrode was implanted (22.8 mm AP from bregma, 1.8 mm ML from midline, 2.8-3.4 mm from dura, with bregma 1 mm higher than lambda) under stereotaxic control (TSE). One tip of the narrowly aligned stainless steel electrodes (125 mm in diameter each) was shortened by 400 mm and positioned in the molecular layer for recording of the field excitatory postsynaptic potential (fEPSP slope function); the longer electrode was situated in the granular layer for recording of the population spike amplitude (PSA) of the right hippocampal DG. The bipolar stimulation electrode was implanted in the medial perforant path (26.9 mm from bregma, 4.1 mm from midline, 2.0-2.4 mm from dura). For pharmacological intervention, the rats were additionally equipped with cannulas (700 mm in outer diameter, reaching 4 mm into the brain), which were implanted to reach into the right lateral ventricle (20.8 mm AP from bregma, 1.5 mm ML from midline). Stainless steel screws with silver-coated copper wires were placed on the dura and served as reference electrodes. During preparation, test pulses (400 mA) were delivered to optimize the field potentials. Electrodes were fixed by dental cement (Paladur, Heraeus Kulzer) and animals were allowed to recover from surgery for at least 1 week.
For the experiments, rats were placed in a recording box (40 × 40 × 40 cm) and the electrodes were connected to a swivel by a flexible cable, allowing free movement of the animals. Food and water were provided ad libitum. The evoked field potentials were amplified (differential amplifier, Science Products), transformed by an analog/digital interface (CED 1401 +, Cambridge Electronic Design) and stored on a computer. Biphasic constant current pulses (0.1 msec per half-wave) were applied to the perforant path to evoke field potentials.
An input/output curve was measured at the first training day at 2:00 p.m., thus 3.5 h after finishing the acquisition trials. Three sweeps with 10-sec intervals were averaged. Stimulation intensities were increased in steps of 50 mA with 5-min intervals until an intensity of 300 mA was reached; then steps of 200 mA were used and the interval was increased to 15 min for stimulation intensities between 400 and 800 mA. According to this input/output relation, a baseline was measured the next day at 8:00 a.m. with a stimulation intensity of 40% of PSA maximum for PSA measurements and of 60% of fEPSP maximum for fEPSP measurements. For calculation of the fEPSP maximum only the evoked field potentials up to an intensity of 400 mA were taken into consideration. Stimulation intensities never exceeded 400 mA. Baseline recordings were considered stable if potentials were recorded for 1 h with no higher variation than 25%. PSA and fEPSP was recorded alternatively every 10 min. At each time point five sweeps were averaged. LTP was induced by weak tetanic bursts (three bursts of 15 pulses of 200 Hz with 10 sec interburst interval, same stimulus intensity as for PSA testing). After 5 and 8 min, respectively, a PSA and a fEPSP test pulse was applied to control for a sufficient initial potentiation before behavioral manipulation. Fifteen minutes after tetanus, animals were transferred into the water maze for the retention trial. Thirty minutes and then every 15 min (switching between PSA and fEPSP recording, so that for each measure two values per hour were recorded) after returning into the recording box five test stimuli (10-sec interpulse interval) were delivered, and the mean values of field potentials were stored for the next 8 h. In addition, a 24-h value was obtained at day 3. For analysis and presentation, the 30-min recordings for either the PSA or the fEPSP were averaged to yield 1-h values.
Hormone analysis
In independent groups of unprepared animals the blood samples for corticosterone measurements were collected. Spatial training took place in the exact same way as described above. The animals were removed from their recording boxes 15 min after the last trial, transferred into an adjacent room, and immediately decapitated. Trunk blood was collected in clot activator containing vials (Sarstedt) and allowed to coagulate for 30 min before centrifugation (5 min, 10,000 rpm). The supernatant was frozen in aliquots at 2208C until assaying.
Three groups were used for the first experiment (Fig. 1). (1) Trained animals: trained over five trials (four trials on day 1 and one trial on day 2). (2) Trained controls were trained over four trials at day 1 and decapitated at the same time point as the five trial animals on day 2 without receiving a fifth trial, thus serving as trained time-matched controls for the five trial groups. This group therefore served as a control to discriminate diurnal shifts of hormone concentrations from acute changes induced by the last trial. (3) Untrained handled controls received no training trial but were handled once during the training session of the other groups as untrained time-matched controls.
Samples were diluted with the manufacturer's (AssayMax Corticosterone ELISA Kit Assaypro, EC3001-1) EIA diluents (1:10) and assayed following the manufacturer's instructions. OD values were measured by using a microplate reader (SpectraMax, Plus 384) at 450 nm. SoftMax Pro software was used to calculate the sample values of corticosterone from the standard four-parameter logistics plot. The detection limit was at 40 pg/mL and intraassay and interassay coefficients of variation were 5.5% and 8.5%, respectively; cross-reactions with other steroids were ≤0.5%.
Pharmacology
All animals in this part of the study were treated either with vehicle (controls) or with spironolactone (Sigma), a mineralocorticoid receptor antagonist. Spironolactone was dissolved in ethanol and brought up with saline to a 1-mL volume with a final concentration of 50 ng/mL (2% ethanol). Spironolactone (150 ng) was injected in a total volume of 3 mL at a rate of 1 mL/min 2 min after tetanus via a Hamilton syringe . Injectors were left in the cannula for at least 5 min after injection to allow the substances to diffuse properly. The concentration of spironolactone has been checked not to affect baseline PSA and fEPSP. Cannula positioning was verified after the experiments by induced drinking behavior after application of angiotensin (5 mg) and histologically.
Statistics
Differences in field potentials between groups were compared by the general linear model (GLM) for repeated measures with the hourly values as within-subject and the groups as between-subject factors. Differences in hormone concentrations were compared by one-way ANOVA with LSD post-hoc tests and behavioral differences by the Students t-test for independent samples. Behavioral water maze parameters like latency and distance moved are usually highly intercorrelated. Thus, to detect effects on the interplay between behavioral components and hormones or LTP, we performed a multivariate analysis (principal component analysis, PCA). PCA extracts components based on eigenvalues in order to explain the patterns of correlations within a set of variables. The components explaining most of the underlying variance and the sets of variables that are correlated with these components can then be interpreted as being related to the same phenomenon, thus reducing the number of variables. PCA was conducted on the correlation matrix of behavioral elements during the last trial (Tables 1, 2 with Varimax rotation). Varimax is an orthogonal rotation method that minimizes the number of variables with high loadings for each factor. Orthogonal rotation provides that variables that load on different components are uncorrelated. A fixed number of three components were extracted. Maximal number of iterations for convergence was 25. PCA was performed by using the program package SPSS (V.17.0.2). Factor loadings higher than 0.7 were considered significant. We are aware that the sample size may be at the border of being sufficient for the PCA; however, the fact that the PCA gives the same results for the behavioral variables in both independent samples (animals with corticosterone measures and that with LTP measures) is a first proof of validity. In order to provide further proof, we drew randomly different sample sizes from the entire sample and got the same results. A possible optimization of the variable/sample size ratio means to use a larger number of animals with a high probability to obtain the same results. We think that this is ethically not justified.
